A liquid can form under cooling a glassy state either as a result of a continuous slowing down or by a first order polyamorphous phase transition. The second scenario has so far always been observed below the melting point where it interfered with crystalline nucleation.
Periodic phases are commonly thought to be thermodynamically favoured at sufficiently low temperatures by all substances. The relaxation time of a liquid in its domain of thermodynamic stability, above T m , is usually much smaller than the value of 10 2 s that defines the glass-transition temperature T g (1) . Therefore, a fundamental problem of the glass science is to avoid the interference of crystalline nucleation when cooling a liquid within the metastability domain T g < T < T m . The ideal glass former (2) is defined by the condition T g > T m which excludes the possibility of its crystallisation upon cooling. This class of glass formers has so far been found to include atactic polymers (3) and some aqueous solutions of electrolytes (4) .
A simple monatomic liquid that does not crystallize upon cooling has so far never been found.
The question of its existence is intellectually challenging, conceptually important and also of a significant technological interest, particularly for the area of metallic glasses.
A straightforward strategy for reducing T m relative to T g is to frustrate the crystallization by structural complexity. In non-polymeric systems, this can be achieved by tuning anisotropic interaction (5) , by a judiciously designed pair potential (6) , or by composing multicomponent eutectic mixtures (4, 7, 8) . Crystallization of a liquid upon cooling can also be precluded by a direct first order polyamorphous transition to a glassy state. Such a transition, however, has so far always been observed below T m (9) , where the presence of a liquid-liquid spinodal significantly enhances crystalline nucleation (10, 11) . Moreover, a liquid-liquid transition has never been observed in a monatomic system upon cooling above T m (12) . The Jagla soft-core pair potential produces two stable liquid phases. However, because of a significant difference in densities, the transition between these phases has only been found under compression and not upon cooling (13, 14) .
Here, we report a simple monatomic liquid that remains stable with respect to crystallization upon cooling but performs a first order polyamorphous phase transition to a phase with a mesoscopic-range order and the rate of structural relaxation characteristic of the glassy state.
Thus, the liquid, avoiding crystallization at any cooling rate, is an ideal glass former.
The liquid was explored in a molecular dynamics simulation. It used a model pair potential (15) (named Z2 in that reference) designed to imitate effective interionic interaction potentials in liquid metals with characteristic Friedel oscillations (16, 17) . The simulation was performed using a system of N = 128000 particles. A smaller system of N = 3456 particles has also 2 been explored in order to test the size-dependence of the observed phenomenon. We note that the main repulsive part of the pair potential used in this model closely approximates that of the Lennard-Jones potential. Interpreting the latter as a model potential of argon (18) , the units of length and time used in this simulation correspond to 0.34 nm and 2.16 ps, respectively. All other quantities reported here are expressed in these reduced units.
We cooled the large system from the high-temperature liquid state isochorically at the number density ρ = 0.85 by changing the temperature T in a stepwise manner, with a comprehensive equilibration at each temperature step. The results presented in Fig. 1a show a discontinuous enthalpy drop on cooling at T = 0.72. Reheating of the lower temperature results in a pronounced hysteresis, an unambiguous signature of a first order phase transition. Fig. 1b shows the structure factor S(Q) for the two phases. The similarity of the two curves indicates that we observe a first order transition between two similarly structured liquid phases, to be referred to as the high-temperature liquid (HTL) and the low temperature liquid (LTL). The split in second peak of S(Q) featured by both liquid phases indicates a strong tetrahedral local order (19) .
We now explore the transition domain in the P − ρ phase diagram at constant T . Fig. 1c shows the LTL isotherms produced by heating, compression and/or expansion of the original states of that phase obtained under isochoric cooling at ρ = 0.85. All the data were produced after comprehensive equilibration. The regions of infinite compressibility indicate the existence of a domain of spinodal instability interposed between the two liquid phases. We find that the phase behaviour of the small system (N=3456) reproduces the behavior of the large system along the T = 0.75 isotherm. Expectedly, the small system size results in shrinking of the instability domain.
Infinite compressibility in the spinodal domain manifests in diverging long-wavelength limit of S(Q), a measure of the density fluctuations on the system-size scale. In a macroscopic system, S(0) is related to the isothermal compressibility χ T by the compressibility equation: Fig. 1d shows the density-dependence of the small-Q behaviour of S(Q) along the T = 0.78 isotherm. A trend for divergence of the small-Q limit of S(Q) is clearly visible at the densities where the spinodal instability was detected from the respective isotherm in Fig. 1c . Note that there is no divergence in the small-Q limit of S(Q) for the LTL 3 in Fig. 1b , indicating that at T = 0.68, ρ = 0.85 it is below the spinodal domain. Fig. 2 presents a real-space picture of the spinodal decomposition of a system of 128000 particles along the T = 0.78 isotherm. The plots depict cross-sections of the coarse-grained spatial distribution of energy. For ρ = 0.84 representing the HTL phase, the energy is distributed uniformly. At ρ = 0.87, precipitation of the LTL phase appears as distinct large-scale low-energy domains. Upon further isothermal compression, the LTL domains grow and eventually percolate as the system leaves the spinodal domain. This is indicated by the reduction of the isothermal compressibility in the isotherms as shown in Fig. 1d . Respectively, the HTL domains shrink and become disconnected, arguably giving rise to the low-Q pre-peak of the respective S(Q) visible in Fig. 1d . This is consistent with the conjecture (20) that a LTL phase is intrinsically heterogeneous.
In order to understand the nature of the observed phase transition, we analysed details of the structural transformation between the two phases. To remove thermally induced fluctuations, the investigated liquid configurations were subjected to the steepest descent energy minimisation. In the structure analysis we used an earlier developed method of identifying the tetrahedral local order (6) . All the particles comprising the first peak of the radial distribution function g(r) were assumed to be the nearest neighbours. The narrow and sharp shape of the peak renders this definition of neighbours unambiguous.
We found that the HTL-LTL transition, while sustaining a strong tetrahedral local order, reduces the number of icosahedra by about 30%. This paradoxical observation can be understood by inspecting a characteristic cluster found in a low-temperature domain of the LTL in Fig. 2 . The cluster, shown in Fig. 3a , can be described as a 5-fold tetrahelical configuration composed of axially stacked pentagonal bipyramides. The latter's pentagonal symmetry, however, is broken by a linear strain of non-tetrahedral defects that involves two adjacent helical lines of atoms, as shown in Fig 3b. The creation of such a defect reduces the energy by removing frustration inherent to the 5-fold packing of tetrahedra. Moreover, these defects facilitate aggregation of the tetrahelical clusters into an extended tetrahedral network. Fig. 3c shows two clusters which share a line of helically stacked 4-fold defects as depicted in Fig. 3d . In this way, extended tetrahedral configurations, apparently incompatible with periodic order, form under cooling a network that accounts for the observed immense viscosity of the LTL. Their 4 inability to uniformly fill the space renders the LTL intrinsically heterogeneous.
We now analyse the LTL dynamics at ρ = 0.85. The diffusivity plot in Fig. 4a , doesn't significantly change upon the transition, which is in contrast to the more than 2 orders of magnitude diffusivity drop observed at the glass transition in silicon (9) . This can be attributed to the LTL heterogeneity demonstrated in Fig. 2 , with possibly high diffusivity within the highenergy fluid domains. The temperature variation of the LTL diffusivity is perfectly exponential, indicating that the HTL-LTL transition results in a fragile-to strong crossover (9, 21) . We also found the LTL diffusivity to be independent of the system size, which allowed us to use the small system to explore the low-T diffusion within affordable computer time.
The structural relaxation is controlled by the slowest-dissipating component of the intermediate scattering function F (Q, t) (see Methods) within the structurally relevant range of Q.
Estimating the Q-dependent relaxation time of F (Q, t) in a liquid (18) The observed non-dissipation of S(Q pp ) implies that the spatial distribution of the lowenergy clusters in the LTL that was concluded to give rise to the prepeak gets frozen below the spinodal domain. To support this conclusion, we present in Figs. 4c and 4d the evolution of the coarse-grained potential energy distribution in the LTL at T = 0.65 and T = 0.60, respectively. For each, T the time interval separating the plots corresponds to that spanned by the respective F (Q pp , t) shown in Fig. 4b . The apparent time invariance of the distribution indicates that the tetrahedrally ordered low-energy clusters like those shown in Fig. 3 form a percolating network which remains topologically unchanged on the explored time scale. Fig.   4e shows a cluster composed of face-sharing tetrahedra discerned within a low-energy domain at T = 0.65. The percolation is reminiscent of gelation in colloids forming a percolating network of linear clusters composed of tetrahedra (22) . A similar percolation transition was 5 observed in the present system at low densities (23) . A glass transition by percolation was also found in ideal polymeric glass-formers (3).
We note that the extended range of structural ordering within the tetrahedral clusters of the LTL phase gives rise to the anomalously high main peak of S(Q), shown in Fig. 1b. This structural peculiarity, unusual for simple liquids, can be compared with the structure of mesophases, e.g. those formed by proteins (24) . Moreover, the apparent structural heterogeneity of the LTL phase, and the relatively high diffusivity distinguish it from the typical inorganic glasses forming continuous tetrahedral networks. A feasible conjecture is that these distinctions of the present glass may possibly render it ductile and capable of self-repair, in contrast to the well-known brittleness of the inorganic glasses. This possibility is of significant technological interest, and deserves further investigation.
In summary, we presented a simple one-component system with a metal-like pair potential that behaves as an ideal glass former. Under cooling, the system performs a polyamorphous first order phase transition from a stable liquid phase to a glassy phase which precludes any possibility of crystallization. The prototypical metallic nature of the model suggests a possible new strategy for designing bulk metallic glass formers, distinct from the currently popular idea of frustrating crystallization by eutectically mixing a number of atomic species with strong mismatch in size (8) . As a potentially relevant observation, we mention a strong-fragile transition found in a bulk metallic glass-forming alloy (25) .
Based on these results, a possible strategy in the search for an ideal glass former in metallic systems may be suggested. The form of the pair potential we used (15) is ubiquitous in interionic effective potentials in metallic liquids (16) . It incorporates the Friedel oscillations which are controlled by the electron density (17) and can therefore be regulated by modifying the composition of a metallic alloy. This way of tuning the interionic potentials in a real metallic liquid can be used to approximate the potential exploited in this study. 
